vh

[

NACA RM E51118

(10

Vomw— A

I

ES51118
— —

RESEARCH MEMORANDUM

FORCED-CONVECTION HEAT TRANSFER TO WATER AT
HIGH PRESSURES AND TEMPERATURES IN
THE NONBOILING REGION
By S. J. Kaufman and R. W. Henderson

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
November 28, 19561




2345

W\ML\\W\ ﬁN i ﬂﬂdﬁ\l\ﬂlﬂﬂ

3 1176

NACA RM ES1118 -

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

FORCED-CONVECTION HEAT TRANSFER TO WATER AT HIGH PRESSURES
AND TEMPERATURES IN THE NONBOILING REGION

By S. J. Kaufman and R. W. Henderson

SUMMARY

Forced-convection heat-transfer data have been obtained for water
flowing in an electrically heated tube of circular cross section at
water pressures of 200 and 2000 pounds per square inch and temperatures
in the nonboiling region, for water velocities ranging between 5 and
35 feet per second.

The results indicate that conventional correlations can be used to
predict heat-transfer coefficients for water at pressures up to
2000 pounds per squere inch and temperatures in the nomboiling region.

INTRODUCTION

An experimental program has been undertaken at the NACA Lewis
leboratory to obtain surface~to-fluid heat-transfer information over a
wide range of tube wall temperatures and heat flux densities. One
phase of the heat-transfer program is being conducted with water at high
pressures, up to 5000 pounds per squere inch, flowing through an electri-
cally heated tube.

Initial tests have been made et a pressure of 2000 pounds per
squere inch in the nonboiling regilon, a condition which is of current
Interest in several experimentsl and theoretical investigations. Data
have also been obtalned at & pressure of 200 pounds per square inch to
determine the relisbility of the dasta from the apparatus. The preliminsry
results of these tests are reported herein.

Tests were run on an electrically heated Inconel tube wlth a heater
length of 25 inches and an inside diesmeter of 0.498 inch. Heat flux for
the test runs ranged between 175,000 and 650,000 Btu per hour per square
foot and water velocities ranged between 5 and 35 feet per second. The
data reported are for water temperatures in the nonboiling region.
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APPARATUS

A photograph of the test rig 1s presented in figure 1. Figure 2 is
8 schematic layout of the spparatus. Water leaving the electrically
hegted test-section tube flows through the heat exchanger where 1t is
cooled to spproximately the test-section entrance temperature. The water
then passes through a circulating pump to the flow meters and back to the
test section. The rate of flow is regulated by varylng the speed of the
pump and also by a valve in the bypass around the pump. The two flow
meters for measuring low rates of flow can be bypassed at high flow rates.
The system through which the water is circulated is designed for the
following range of operating conditions: pressure, O to 5000 pounds per
square inch gage; test-section inlet temperature, 70 to 800° F; test-
sectlion outlet temperature, 70 to 1000° F, flow rates, up to 30 gallons
per minute.

The system is pressurized by nitrogen supplied from the storage
cylinders through the regulator valve to the accumulator and test section
casing. System pressures up to 2000 pounds per squsre inch are obtained
in thils mammer. Higher pressures, up to 5000 pounds per square inch, are
obtalined by pumping water from the distilied water supply into the
gccumnlator to force the piston upwards to compress the gas. Pressure
relief valves are located in both gas and liquid lines forx pressure
control and safety.

The component parts of the setup are described in the subsequent
paragraphs.

Electrical System

The power source for heating the test section is a 100-kilowatt
transformer controlled by a saturable reactor. The transformer second-
ary voltage range is 1.25 to 25 volts.

Circulating System

Test -section. - The test section, shown by a photograph in figure 3
and schematically in figure 4, is an Inconel tube with a heated length
of 25 inches, an inside diameter of 0.498 inch, and an outside dlameter
of 0.689 inch. Tube wall temperatures are megsured by means of
17 chromel-alumel thermocouples distributed along the length of the out-
side wall of the tube and a self-belancing, indicating-type potentlometer.
Temperstures of the water entering and leaving the test-section tube are
measured by chromel-dlumel thermocouples located 1n tanks at both ends
of the test section and by a mamially operated precision potentiometer.
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Both dlfferentlsl and direct temperature readings can be obtained fram
the thermocouples in the tanks.

Heat exchanger. - The heat exchanger is a U-shaped, heavy-walled
gingle tube with a counterflow, four-sectioned cooling Jacket. It has
& capacity of 350,000 Btu per hour st 152.2° F mean temperature difference.

Circulsating pump. - The circulsting pump 1s & stuffing-boxless, four-
stage, variable-speed centrifugel pump designed to deliver s maximum of
30 gallons per minute against a pressure drop of S50 pounds per square inch
over the temperature and pressure range of operation. Power 1s supplied
to the pump motor from a varisble-frequency motor genersator set.

Flowmeter. - Three flowmeters of the rotameter type were employed,

-with a combined renge to measure obtaingble flow over the operating

raenge of tempersture and pressure. Readings are obtained remotely on
manometers connected to pneumatic transmitters linked msgnetically to
the flowmeter floats.

Pressurizing System

Test-section casing. - The test-section casing is & stainless steel
reactor-type cylinder which acts as & supercharge housing for the test
section and the calorimeter tanks. It has an over-all length of
47 inches, an outside diameter of 9 inches, an Inside length of
40 inches, and .an inslde dlameter of 6 inchses.

Accumulator. - The accumulator consists of a cylinder and piston.
It is used to maintain an spproximate balance of pressure between the
circulating l1iquid and the supercharging ges in the test-section casing.
The tank has an over-all length of 56 inches, an outside dlameter of

1
155 inches, an inside length of 48 inches, and an inside Jdiameter of

10 inches. The piston acts to separate the gas in the top of the
cylinder from the liquid in +the bottom.

Pressurizing pump. - The pressurizing pump is a pogitive displace- :
ment pump which delivers 26 gallons per hour from O to 5000 pounds per
square inch gage.

Gas supply. - The gas supply consists of 12 nitrogen storage
cylinders and g maenifold rack. Each gas cylinder contaeins, when fully
charged, approximstely 244 cubic feet of nitrogen at free condition and
has g pressure of from 2000 to 2200 pounds per square inch depending on
the tempersture.
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Distilled water supply. - The distilled water supply comsists of
four stainless steel tanks with s total capacity of approximately
30 gallons.

TEST PROCEDURE

The system was initially pressurized to sbout 100 pounds per square
inch and water was circulated at a reletively high rste. Power was
supplied to the test section, and the pressure was increased as the
system heated. As the desired test conditions of temperature and
pressure were approached, the power level and the flow were set and the
system was allowed to come to equilibrium.

Rung were made at test-section inlet pressures of 200 and
2000 pounde per square inch gage. At each pressure level s range of
water flow rates was covered. B8Seversl power inputs were used. At a
fixed power input the maximum flow rate was limited by the temperature
rise in the water passing through the test section, and the minimum flow
wag limited by the tube wall temperature. At high flows the: tempera-
ture rise became small and the accuracy of the meassurement of the rate
of heat transfer decreased, and at low flows the wall temperatures
approached the boiling temperature of the water. The inlet water tempera-
tures for the runs made varled to a greater or lesser extent depending
on whether en attempt was made to maintain it relatively constant.

SYMBOLS
The following symbols are used in this report:

specific heat of water at constent pressure, Btu/(1b)(°F)

°p

D inside dlameter of tube, (ft)

D, outside diameter of tube, (ft)

G mass velocity of water, (1b)/(br)(sq ft)

h heat-transfer coefficient, Btu/(hr)(sq £t)(°F)

X thermsl conductivity of water, Btu/(hr)(sq £t)(°F/ft)
K; thermal conductivity of Inconel, Btu/(hr)(sq £t) (°F/£t)
L heated length of tube, (ft) S

qa rate of heat trensfer to water, Btu/(hr)

S¥ee
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heat transfer area of the tube, (sq ft)

average bulk temperature of water, (T;+Tp)/2 °F
average outside weall temperature of tube,'oF
average inside, well temperature of tube, °OF
total tempersture of water entering tube, OF
total teﬁperature of water leaving tube, O
water flow rate, (1b/hr)

viscosity of water, (1b)/(ft) (hr)

Prandtl number
Reynolds number

Nusgsselt number

METHOD OF CALCULATION

The rate of heat transfer was computed from the welght flow, tempera-
ture rise, and specific heat at constant pressure for the water flowling
through the test-section tube, or,

Q@ = Wep (TZ'T]_)

The specific heat was evaluated gt the average bulk temperature of the
water (T1+Tp)/2.

The gverage outside tube-wall temperature was determined from a
plot of wall temperature against tube length. The average lnside tube-
wall temperature was computed by the equation

2_p2
T =T --2%_ (p,2-D2) |D.2 1n Do _ Do®-D%
&8 70 2Lk (Do®-D%) | Do D 2
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which, for the tube used in this investigation, simplifies to

T, =T

s - 0.014 g/K;

o

This equatlion may be derived from Fourier's law by considering a tube in
which heat generasted uniformly by an electric current passing lengthwise
in the tube wall is belng conducted radially inward. "~ The thermsl con-
ductivity of Inconel K; was evaluated at the outside tube-wall
temperature. .

The heat-transfer coefficient was computed from the rate of heat
transfer, the ingide surface area of the tube, and the temperature
difference between the inside wall temperature and the bulk temperature
of the water .

=9
S(Ts‘Tb)

The properties of water used asre plottdd in figure 5. The thermal
conductivity of Inconel is plotted against temperature in figure 6.

RESULTS AND DISCUSSION
Heat-Transfer Data

The heat-transfer data are presented in figure 7. RNusselt nnmber
divided by Prandtl number to the four-tenths power (hD/K)/(ch/K)O is
plotted agalnst Reynolds number__DG/u. The physicsal properties of the
water are evaluated at the aversge bulk temperature. Included 1n figure 7
is the line obtained from the correlatlion of the data of various investi-
gators (reference 1, p. 168). The equation for this line is

()" - ooms (3

The data are satisfactorily correlated by this equation; reasonably
accurate results may be obtained in using it to predict heat-transfer
coefficients for water under condltlons similar to those encountered
in this investigation. The scatter about the correlation line in
figure 7 can be attributed to the error in the measurement of the rate
of heat transfer at high rates of flow where the temperature rise in

the water passing through the test section is small. __; ..

syee:

<
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Scaling In system. - Prior to the data presented herein, it was
noted that the water in the system tended to run acid and to become
contaminated with metal oxides after operation at high temperatures.

As 8 possible means of counteracting this tendency, potassium hydroxide
was added to the distilled water supplied to the system. The pH of the
water in the system during the runs presented herein ranged from 5.3 to
4.1, the tendency belng to decrease during a period of operation. The
weight of solids in the water of the system was of the order of 50 parts
per million. These figures represent an Iimprovement over those obtained
previous to the introduction of the potassium hydroxide; however, the
extent to which the potassium hydroxide contributed to this improvement
1s uncertain.

Gas content of water. - Measurements taken of the volume of gas
digsolved 1in the water showed that large amounts were present at the end
of each set of runs st 2000 pounds per square inch. The ratio of gas to
water volume at room condition was approximaetely 2. Therefore, it 1s
concluded that the water used in obteining the data was essentially
saturated with nitrogen.

SUMMARY OF RESULTS

Heat-transfer properties were Ilnvestigated for water flowing at
velocitles ranging between 5 and 35 feet per second in an electrically
heated tube at water pressures of 200 and 2000 pounds per square inch
and temperatures in the nonboiling region. It was indicated that the
equation Nusselt number = 0.023 X (Prandtl number)C-4 x (Reynolds num-
ber)o-8 predicts reasongbly accurste values of hegt-transfer coefficients
for water at pressures up to 2000 pounds per square inch and tempera-
tures in the nonboiling region, where the properties of water are
evaluated at the average bulk temperaturs.

Lewls Flight Propulsion Laboratory
Rationel Advisory Committee for Aeronsutics
Cleveland, Ohio
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Figure 1. - Photograph of high-pressure-water heat-transfer apparatus.



10

Varisble-
frequency -
supply

Heat exchanger .

i

Flow meters

_NACA EM ES1118

Pump

(r

L

by

lli l,l f :

iy

1____.\\

Seturable

208 v a.c.

125 v d.c.

Heat exchanger

Transformer

O 1.1t

Q00000

.

AV 7777777 T 77777777778

-—

Test sectlon
casing

NT=

- n )
IX 7!2 1[ E . Test section 1 %
? T Accumulator
Z
Q’Q Regulator valve . Z
-/ Z
Z
z
Z
’I Ir-,/ .,,'f,‘/ ' ‘
Distilled
water Pump
Gas storege cylinders supply
B —p—

Figure 2. - Schematic diagram showlng srrangement .of spparatus..

141 417




B1TISE W VOV

Plgure 5. - General view of heater tube instaellaticn.

Tt



2L

I.D. 0.498 1n,

25 ins '
0.D. 0.689 in.r Inlet pressure tap Outlet pressure tap ‘—I
N ——— M - » - » — ¥ et
Thermocouple spacing, in.
11 3 3 I 3 11
Zg L1 2 2 g 7 &G 5 5 5 133
123 4 5 6 7 8 9 10 1 12 13 14 151617

Thermocouple position, x W

Figure 4. - Schematic diagram of test section tube showing thermocouple and pressure tap leocations.

BTITSE NY VOvN

S | S ‘ | 5¥S2 s




2345

RACA RM ES1T18

Density, p, 1b/£t3

1.8

SZ'W

\\ ~
61 — 1.4

8

]
/(fl_;c)(hr)

/

kL
L/
7 \\JZ%

i
Viscosity, u, 1b
|—l
o
N

.8 / AN

RN

NH

— L4
56 100 " 140 180

220

Tempereture, °F

260

(a) Pressure, 200 pounds per squere inch.

1.028

l.024

1.020

1.018

l.012

1.008

1.004

.996
300

Specific heat, cp, Btuy/(1b) (°F)

13

_-40

|
o
o

L
8

Thermal conductivity, X, Btu/(sq £t)(hr)(°F)/ft

[— .37

— .36

—.35

Figure 5. - Properties of water. Data for demsity and specific heat from reference 2;
vigeosity, references 3 and 4; thermael conductivity, reference 5.



14 NACA RM E51I18
1 T
W
40 - 8l — +40
™.
38— 59 \\ — .59
N
\ 1.28 — .38

Viscosity, u, 1b/(ft)(hr)

.36=1 57 v \
\

/ 1.2¢4 - .37

M IANAN N

N?E s/
A —
1e N N\ F
.32 :355 \ \ / 1.20 g L .36
% \ \ / E
: o K .
« 30 51 \ 1.16 © L .35
AN\ \ g
N \ k]
SN ©
26 49 X\ \ 1.12 23 34
» / \ \ - E' P -
,/ \ \\\
26— 47 \\\ 1.08 33
// \\
/
.24 45 1.04 — .32
360 400 440 480

Temperature, °F
(b) Pressure, 2000 pounds per

Figure 5. - Concluded. Properties of water. Data
reference 2; viscosity, references 3 and 4; the

se0 %0

squere inch.

for density and specific heat from
rmal conducEivity, réference 5.

-
v

Thermal conductivity, K, Btu/(sq £t)(br)(°F)/f

G¥Ee;

3



Btu
nr (£t)2 OF/ft

Tharmal conductiviiy of Inconel,

16

15

14

2345

FIITSH WY VOVN

e
o
e
/C 4
o
NAE
0 200 400 800 800 1000 1200 1400 1600 1800 2000 2200

Tempergture, OF

Figure 6. - Thermal conductivity of Inconel based on valuss given in reference 6.

ST




16 . : ... .. .. . .HNACA RM ES1I18

)
”

[=
{

Q: j=] /
12— T
2P 1w o
:Pl ;&é%}
~ T
go. b}t
g ]
ol 2 piaY
3 o . A
g o3
82E %4 '
& 10 /':/ : m— -1 1 4
nlet pressure gage
//. (1b/sq 1n.) an
pd g ' zoo

%

- — T-°°“( ).(mf

{reference 1)

| NS
108 105 - 106 . w0
Reynolds number, %

10

Figure 7. - Correlation of heat-transfer coefficlents. Physicaml properties of water evaluated at
average bulk temperature.

NACA-Langley - 11-28-51 - 330

[



i lhl\ﬂ'lﬂﬂl \l||ﬂ|\|ﬂ _

3 1176 0143




